ABSTRACT -The objective of this study was to investigate potential for traumatic brain injuries (TBI) using a newly developed, geometrically detailed, finite element head model (FEHM) within the concept of a simulated injury monitor (SIMon). The new FEHM is comprised of several parts: cerebrum, cerebellum, falx, tentorium, combined pia-arachnoid complex (PAC) with cerebro-spinal fluid (CSF), ventricles, brainstem, and parasagittal blood vessels. The model's topology was derived from human computer tomography (CT) scans and then uniformly scaled such that the mass of the brain represents the mass of a 50 th percentile male's brain (1.5 kg) with the total head mass of 4.5 kg. The topology of the model was then compared to the preliminary data on the average topology derived from Procrustes shape analysis of 59 individuals. Material properties of the various parts were assigned based on the latest experimental data. After rigorous validation of the model using neutral density targets (NDT) and pressure data, the stability of FEHM was tested by loading it simultaneously with translational (up to 400 g) combined with rotational (up to 24,000 rad/s 2 ) acceleration pulses in both sagittal and coronal planes. Injury criteria were established in the manner shown in Takhounts et al. (2003a) . After thorough validation and injury criteria establishment (cumulative strain damage measure -CSDM for diffuse axonal injuries (DAI), relative motion damage measure -RMDM for acute subdural hematoma (ASDH), and dilatational damage measure -DDM for contusions and focal lesions), the model was used in investigation of mild TBI cases in living humans based on a set of head impact data taken from American football players at the collegiate level. It was found that CSDM and especially RMDM correlated well with angular acceleration and angular velocity. DDM was close to zero for most impacts due to their mild severity implying that cavitational pressure anywhere in the brain was not reached. Maximum principal strain was found to correlate well with RMDM and angular head kinematic measures. Maximum principal stress didn't correlate with any kinematic measure or injury metric. The model was then used in the investigation of brain injury potential in NHTSA conducted side impact tests. It was also used in parametric investigations of various "what if" scenarios, such as side versus frontal impact, to establish a potential link between head kinematics and injury outcomes. The new SIMon FEHM offers an advantage over the previous version because it is geometrically more representative of the human head. This advantage, however, is made possible at the expense of additional computational time.
INTRODUCTION
Traumatic brain injuries (TBI) are still one of the major "diseases" in the United States and worldwide.
The Centers for Disease Control (CDC, 2003) estimate 50,000 to 75,000 deaths are caused by TBI in the United States annually with approximately another 1.5 million suffering from various head injuries. Motor vehicle crashes remain one of the major causes of TBI in the US second only to falls (Rutland-Brown et al. 2006 ). Based on NASS-CDS analyses of frontal crashed (Eigen and Martin, 2005) fatalities attributable to head injuries are second only to fatalities attributable to thoracic region (Figure 1 ) with societal costs exceeding $6 Billion. FIGURE 1. Cost and fatalities attributable to injuries in frontal crashes (Eigen and Martin 2005). Many attempts have been made in the past to reduce the occurrence and severity of TBI as a result of automotive crashes. Among them are design and development of improved safety systems governed by various Federal Motor Vehicle Safety Standards (FMVSS). The process of further improvement of head injury protection systems is limited, however, by the degree of sophistication of currently used head injury assessment devices (test dummies) and associated injury criteria. Kinematic head injury criteria, based on various functions/functionals of measured head accelerations (e.g. head injury criterion -HIC), have served well in the past four decades to mitigate head injury. Relative mathematical simplicity of kinematic head injury criteria influenced their usefulness and worldwide acceptance. However, to take the next step forward in protecting automobile occupants from TBI, a better understanding of physical, biochemical, physiological and biomechanical processes within the traumatically injured brain is necessary. Finite element (FE) head models have been proven to be viable tools to better understand the biomechanics of TBI (Ruan et al. 1993 , Bandak and Eppinger 1995 , Bandak et al. 2001 , Kleiven et al. 2002 , Takhounts et al. 2003a , Levchakov et al. 2006 , Kleiven 2007 . The NHTSA-developed Simulated Injury Monitor (SIMon) finite element head model (FEHM) is one of the available tools (Takhounts et al. 2003a ) that uses crash dummy head kinematics as an input to a FEHM, and calculates probability of three major types of brain injuries -diffuse axonal injury (DAI), focal lesions/contusions, and acute subdural hematoma (ASDH) -as an output. The 2003 version of SIMon used a relatively simple FEHM that allowed for a rather fast computation time at the expense of model's geometry. The model was thoroughly validated against various experimental data. This paper introduces a new, more geometrically detailed, version of SIMon FEHM. It consists of major parts: cerebrum, cerebellum, falx, tentorium, combined cerebro-spinal fluid (CSF) and pia arachnoid complex (PAC), ventricles, brainstem, and parasagittal blood vessels. The model topology was derived from human computer tomography (CT) scans and then uniformly scaled such that the mass of the brain represents the mass of a 50th percentile male (1.5 kg) with the total head mass of 4.5 kg. The topology of the model was then compared to the preliminary data on the average cerebrum topology derived from Procrustes shape analysis (Bookstein 1996 , Bookstein 1997 , Gunz et al. 2005 , Slice 2005 , Slice and Stitzel 2004 of several human CT scans. Material properties of the various parts were assigned based of the latest experimental data (based on review by Kleiven 2007 and Takhounts et. al 2003b) . The model was evaluated using available experimental data , Nahum et al. 1977 , Trosseille et al. 1992 . Numerical stability of the model was assessed based on the methodology given in Zhang et al. (2001) . The model was stable for loading rates of up to 400 g of translational accelerations combined with 24,000 rad/s 2 of rotational acceleration in both sagittal and coronal planes. Injury criteria were established in the manner shown in Takhounts et al. (2003a) . After thorough validation and injury criteria establishment (cumulative strain damage measure -CSDM for DAI, relative motion damage measure -RMDM for ASDH, and DDM for contusions and focal lesions), the model was used in investigation of mild TBI cases in living humans based on a set of head impact data taken from American football players at the collegiate level. It then was used in the investigation of brain injury potential in NHTSA conducted side impact tests. It was also used in parametric investigations of various "what if" scenarios, such as side versus frontal impact, to establish a potential link between head kinematics and injury outcomes. The Cost and Fatalities Attributable to Injury in Frontal Crashes (NASS-CDS 1997 -2003 new SIMon FEHM offers a potential advantage over the previous version because it is geometrically more representative of the human head. This advantage, however, is made possible at the expense of additional computational time.
METHODS

Development of new SIMon FEHM
The topology of the SIMon FEHM is based on CT scans of a single male individual with the head size close to that of 50th percentile male. Detailed surfaces of the cerebrum, cerebellum, and brain stem were generated. Truegrid (XYZ Scientific Applications Inc., Livermore CA) software was used to develop a mesh of the skull, dura-CSF, and brain based on the outer brain surfaces. The SIMon FEHM consists of 42,500 nodes and 45,875 elements, of which 5153 are shell elements (3790 rigid), 14 are beam elements, and 40,708 are solid elements. This is a larger model compared to the previous (simpler) version of SIMon (10,475 nodes and 7,852 elements) and consequently requires more computing power and time to run through the same loading event (10 hours on a high-end workstation for a 150 ms loading event versus 2 hours for the simpler SIMon).
Major parts of the brain were then created: cerebrum, cerebellum, brainstem, ventricles, combined CSF and pia arachnoid complex (PAC) layer, falx, tentorium, and parasagittal blood vessels (Figure 2) . The PAC-CSF layer structurally represents the dura mater, arachnoid trabeculae, CSF, and pia mater. This layer is attached to the skull and the brain using common nodes. The foramen magnum was created with deformable shell elements to model the movement of the brainstem through the foramen magnum. The skull, falx cerebri, tentorium, and foramen magnum are represented with shell elements, and the bridging veins are made from beam elements, and the remaining parts used solid elements.
Material models and properties used in the final version of the model are given in Table 1 . The model was scaled uniformly (scaling ratio 0.96) such that the mass of the brain represented the mass of 50th percentile male (1.5 kg, brain density of 1040 kg/m 3 ) with the total head mass of 4.5 kg. After scaling, the model's topology was compared to the preliminary data on average live adult human head topology derived from general Procrustes shape analysis (Bookstein 1996 , Bookstein 1997 , Gunz et al. 2005 , Slice 2005 , Slice and Stitzel 2004 ) of 59 individuals as described in Danelson et al. (2008) . The individuals selected for this study ranged in age from newborn to 21 years of age with age groups at newborn, 3 months, 6 months, 1 year, 3 years, 6 years, 10 years, 15 years, and 21 years. The number of males and females in each group were evenly divided and the size of the individuals varied widely. One of the strengths of the general Procrustes analysis is the isolation of shape by removing variations in size prior to analysis. The model from this dataset was slightly larger (illustrated in light gray in Figure 3 ) than the scaled SIMon head (darker gray in Figure 3 ). To compare SIMon head shape to the shape derived from Procrustes dataset, an affine transformation was preformed on the SIMon model along the x-, y-, and z-axis. The cerebrum scaling ratios calculated along these axes, as calculated in previous work, were used to scale the entire model (Danelson et al. 2008) . The cerebrum scaling ratios were used since this structure changed the most with age and it is the largest structure in the model. The change in the size of these structures with age has been evaluated using the centroid size of the landmarks used for the Procrustes analysis and centroid size was expressed as a function of age.
Given a Procrustes analysis, standard statistical methods do not effectively assess significance since there are more variables than individuals. Therefore, to assess statistical significance of the cerebrum model a p-value was calculated using a permutation method (Good 2000 , Gunz el al. 2005 . The permutation test evaluates how many random combinations of coefficients found in the linear and quadratic regression models were a better predictor of landmark location than the model selected. Based on the permutation tests, the current Procrustes model showed high significance between landmark location given an age between newborn and 21 years old with a p-value of 0.00034 (Danelson et al. 2008) . The shapes of the two models (SIMon and Procrustes method based human model) were very similar ( Figure 3) . However, the size of the individuals in the SIMon FEHM Average adult human shape dataset was not held constant; which may account for much of the difference between the models, since SIMon represents a 50th percentile individual.
There is no deficit of variability in the literature as far as brain material properties are concerned (Holbourn 1943 , Koeneman 1966 , Galford and McElhaney 1969 , Fallenstein et al. 1969a , 1969b , Estes and McElhaney, 1970 , Shuck and Advani 1972 , Ljung 1975 , Arbogast et al. 1995 , Miller and Chinzei 1997 , Donnelly and Medige 1997 , Bilston et al. 1998 , Darvish and Crandall 2001 , Takhounts et al. 2003b , Nicolle et al. 2004 ). Constitutive models for brain tissue also vary in the literature -from simple linear elastic (Holbourn 1943 , Koeneman 1966 , Galford and McElhaney 1969 , Fallenstein et al. 1969a , 1969b , through linear and quasi-linear viscoelastic (Estes and McElhaney, 1970 , Shuck and Advani 1972 , Ljung 1975 , Arbogast et al. 1995 , Miller and Chinzei 1997 , Donnelly and Medige 1997 , Bilston et al. 1998 ), Ogden rubber with linear viscoelastic component (Nicolle et al. 2004) , to fully nonlinear Green-Rivlin models Crandall 2001, Takhounts et al. 2003b ). This spectrum of choices for brain material models and properties makes the life of a head modeler hard and easy at the same time. Hard -because he/she still needs to select something out of a very large variety, and easy -because he/she can still find a reference for pretty much any model he/she chooses to use. Facing the uncertainty of brain material properties and models, a virtual shear test was conducted where different material models were used to compare their stress responses. A single element cube with dimensions 1x1x1 was created (Figure 4 ), simple shear displacement was applied ( Figure 5 ) to one face of the element while the opposite face was fixed. Material properties used in this small study are given in Table 2 . Shear stress response of the element was measured and compared ( Figure 6 ). The criteria for choosing any particular set of properties were the SIMon FEHM's response to the set of validation data , Nahum et al. 1977 , Trosseille et al. 1992 ) and the numerical stability runs. Numerical stability of the model was tested based on the methodology described in Zhang et al. (2001) , where a series of haversine translational (eq. 1a) and sinusoidal rotational accelerations (eq. 1b) were applied to the skull of the FEHM in both sagittal and coronal planes and the numerical model behavior was observed using the total, internal, and hourglass energies along with the observations of elements' behavior.
In equations 1a and b, A1 and A2 stand for the magnitude and T for period of the harmonic loading. Three magnitudes of loading conditions were used:
1. Peak linear acceleration = 200 g, and peak angular acceleration = 12,000 rad/s 2 .
2. Peak linear acceleration = 300 g, and peak angular acceleration = 18,000 rad/s 2 .
3. Peak linear acceleration = 400 g, and peak angular acceleration = 24,000 rad/s 2 .
The validation of the FEHM consisted of two types of tests. The first type validated the strain field of the model based on the neutral density targets (NDTs) data presented by Hardy et al. (2001) . In these tests the heads of post mortem human subjects (PMHS) were impacted in frontal, occipital, and temporal regions and the displacements of NDTs with respect to the skull were obtained using bi-planar x-ray system. The nodes closest to the location of each NDT were selected in the model and their displacements with respect to the skull calculated and compared to those obtained from PMHS. These calculations were performed for each of the material model given in Table 2 . Three NDT tests: C383-T1 (frontal impact), C755-T2 (occipital impact), and C291-T1 (lateral impact) were selected for validation of the model because they ranged in the magnitude and direction of impacts. The second type of tests validated the stress field within the brain of SIMon FEHM and compared it to that obtained from PMHS tests of Nahum et al. (1977) and Trosseille et al. (1992) . Once the stresses and strains within the brain were validated against existing experimental data the injury criteria were established in the manner described in Takhounts et al. (2003a) . It was assumed that the injury results from animal subjects were the same as that which would be observed from a human under the equivalent impact input. Three of the most common types of TBI (DAI, focal lesions/contusions, and ASDH) were simulated using their mechanical equivalents -CSDM for DAI, DDM for focal lesions/contusions, and RMDM for ASDH. Other mechanical measures, such as maximum principal stresses and strains, were also investigated. Data from animal experiments (Abel et al. 1978 , Stalnaker et al. 1977 , Nusholtz et al. 1984 , Meaney et al. 1993 ) was used to determine critical values for each injury metric. In order to apply this data, the linear and angular kinematics recorded for the animals' heads were scaled in magnitude and time to what a human head would experience (Takhounts et al. 2003a ). These scaled kinematic time histories were then applied to the skull of SIMon FEHM, the injury metrics were computed from each test, and logistic regression was used to establish their critical values assumed to be at 50% probability. Receiver operating characteristic (ROC) curve for each injury measure was also calculated.
TABLE2: Material models and properties for brain tissue.
Ogden Rubber (Kleiven, 2007) Ogden Rubber (ULP) (Nicolle et al., 2004) Linear Viscoelastic (Takhounts et al., 2003b) Quasi-Linear Viscoelastic (Takhounts et al., 2003b) Kelvin-Maxwell Viscoelastic (Takhounts et al., 2003b) µ 1 (MPa) 5.38E-05 µ 1 (MPa) 0.06 
Investigating Potential for TBI in College Football Players
The helmets of ten college football players were instrumented with a newly developed 6 degree of freedom (6DOF) head acceleration measurement device (Simbex Inc., Lebanon, NH) for the 2007 American college football season. These sensors were capable of measuring linear and angular acceleration about each axis of the head for every head impact an instrumented player may experience during games and practices. The 6DOF sensor consisted of 12 single-axis, high-g accelerometers (ADXL193, Analog Devices, Norwood, MA) that were enclosed in padding and integrated into existing Riddell Revolution football helmets (Elyria, Oh). The sensor was designed so that the accelerometers remained in contact with the head at all times. This ensured that head acceleration, not helmet acceleration, was measured (Manoogian et al. 2006) . In addition to the 12 accelerometers, the 6DOF sensor was equipped with on-board data acquisition and a wireless transceiver. Data acquisition was triggered anytime an accelerometer recorded 10 g's or more. Data was collected for 40 ms at 1000 Hz, of which 8 ms were pre-trigger and 32 ms were posttrigger. Each recorded impact was downloaded wirelessly by a sideline computer via the 6DOF sensor's transceiver. Linear and angular accelerations about the center of gravity of the head were computed from the raw skull acceleration measurements through post-processing using a novel algorithm (Chu et al. 2006 ). Since the system was over-defined with 12 accelerometers, the linear and angular acceleration at the head CG were optimized. The sensor and algorithm were validated to the head CG of the Hybrid III dummy through dynamic impact testing. A total of 1712 impacts were recorded. All data was up-sampled to 10 kHz by linear interpolation and then filtered to SAE J211 specification. Out of 1712 impacts the 24 most severe ones were selected for this study using the SIMon FEHM to assess the potential for TBI. None of the impacts resulted in brain or other head injury.
Frontal versus Side Impact
One of the interesting applications of any mathematical model is conducting parametric analyses and investigating hypothetical loading scenarios. Frontal versus side impact tolerance of the human head is one of these applications. Loading conditions similar to those described above for the numerical stability tests were applied to the model first in sagittal and then in coronal plane. The model response in each plane to the same loading conditions was compared using injury metrics: maximum principal stress, maximum principal strain, CSDM, DDM, and RMDM.
NHTSA Conducted Side Impact Tests Evaluation
This section demonstrates potential use of the SIMon FEHM in evaluating vehicle performance using 3-dimentional head translational and rotational data measured in existing anthropometric test devices (ATDs) using a nine accelerometer array package. This translational and rotational data was applied to the skull of SIMon FEHM, brain injury metrics were computed and results were compared to the kinematic injury criteria -HIC. Two side impact tests were selected for demonstration purposes -one with side curtain airbag (case 1), the other without (case 2). Case 1 had HIC 15 value of 668, case 2 had it equal to 225. Translational/linear and angular accelerations time histories (all time histories in this paper are given in standard SAE sign convention) for each case are given in Figure 7 . 
RESULTS
Development of SIMon FEHM
Shear stress responses computed from a single element study ( Figure 6 ) showed that KelvinMaxwell model derived from Takhounts et al. (2003b) had the softest stress response among the four material models given in Table 1 . Because of that response, it was expected to have more numerical stability issues with it when used in SIMon FEHM. The results, however, proved otherwise. For comparison, in Figure 8 (a) the results for the most severe loading condition 3 are shown for stiffest Ogden Rubber brain model used in Kleiven (2007) and in Figure 8 Although the model's response with Kelvin-Maxwell brain material model showed greater ratio of the hourglass to internal (and total) energy compared to the model with Ogden Rubber brain material model (Table 3) , the observation of unstable areas (Figure 8 ) anywhere in the model indicated superior stability of the model with Kelvin-Maxwell brain material model. The ratios of hourglass to total energies for both material models were very small and below the recommended level of 0.03 to 0.05 (Belytschko 1974, Belytschko and Kennedy 1978, Belytscko and Tsay 1983, Bindeman, 1993, Belytschko et al., 2000) , so Kelvin-Maxwell model was chosen because it was more stable and because it allowed direct computation of CSDM and DDM in LS-Dyna (Livermore CA). The displacement-time histories of each NDT for each test are shown in Figure 9 where the abscissa is the time in ms and the ordinate is the displacement in mm, the right column shows the displacement-time histories in Z-direction and left column shows the displacement-time histories in X-direction for frontal ( All displacements are expressed in the local skull coordinate system and measured with respect to the skull. Figure 10 gives an example of NDT responses for different brain material models and parameters given in Table 2 . Pressure-time histories based on Nahum et al. (1977) tests are shown in the left column of Figure 11 . Due to fairly high pressure gradients within the brain the measurements were taken from several locations in the model (right column) representing the approximate location of the pressure sensors reported in the paper by Nahum et al. (1977) . Similarly, for Trosseille et al. (1992) test data, pressure-time histories for various locations in the brain and ventricles were computed (Figure 12 ). Out of five investigated biomechanical measures (CSDM, DDM, RMDM, maximum principal stress and maximum principal strain) considered in this study only CSDM and maximum principal strain correlated with brain injuries (Figures 13 and 14) recorded in animal tests (Abel et al. 1978 , Stalnaker et al. 1977 , Nusholtz et al. 1984 , Meaney et al. 1993 . CSDM (0.25) indicates that the volume fraction of the brain is computed that exceeded the threshold of 
Investigating Potential for TBI in College Football Players
The entire football dataset contains 1712 impacts, of which only 24 were modeled. Figure 15 shows angular acceleration plotted against linear acceleration for every recorded impact. The 24 impacts represent the only impacts where either linear acceleration exceeded 79 g and/or angular acceleration exceeded 5757 rad/s 2 . These nominal thresholds were chosen because they are thought to represent 50% risk of concussion in NFL players (King et al., 2003) . Table 4 shows head kinematic parameters for all 24 modeled impacts with their respective injury metrics: CSDM, DDM, RMDM, maximum principal stress, maximum principal strain, and HIC 15 . It should be noted that none of the 24 impacts resulted in a diagnosed brain injury. Although DDM, RMDM, and maximum principal stress didn't correlate to brain injuries in animal tests, they were still computed for all 24 impacts for the analyses purposes. Linear accelerations in these impacts ranged from 19 g to 135 g. Change in translational velocity, or delta v, ranged from 1.0 m/s Figure 16 presents the results of SIMon FEHM simulations of all 24 impacts. DDM metric is not shown because it was equal to zero for all runs except for one in which it was very small (Table 4 ). All injury metrics are presented as functions of kinematic measures: linear acceleration (16a), angular acceleration (16b), and angular velocity (16c). For the comparison purposes HIC 15 injury metric is also presented. Correlation coefficients are also presented for the injury measures that had an apparent trend with any kinematic measure. Table 5 presents the results of SIMon FEHM simulations for four different hypothetical loading conditions applied in coronal and sagittal planes. Maximum principal stresses, strains, CSDM (0.25), DDM, and RMDM were the output of the model. Table 6 shows computed injury metrics for case 1 and case 2. Several values of principal strain were used to calculate CSDM. For example, CSDM 0.05 indicated the total volume of elements in brain experiencing maximum principal strain of 0.05 and greater at any time during the loading history. The values of CSDM up to maximum principal strain of 0.4 are given for comparison purposes. CSDM (0.25) is given in bold as it represents the injury metric obtained from the animal tests.
Frontal versus Side Impact
NHTSA Conducted Side Impact Tests Evaluation
DISCUSSION
This manuscript presents a new, geometrically detailed, finite element model of human head developed for use within the concept of SIMon (simulated injury monitor) that takes surrogate head 3-dimentional kinematics as an input (measured elsewhere -ATD or another model), applies it to the undeformable skull of the model, and outputs various brain injury measures. The topology of the model was developed from human CT scans and then compared to that of an average adult male (Figure 3 ) derived from Procrustes shape analysis of multiple cross-sectional CT scans from 59 individuals. The model's topology replicated the shape of average adult human quite well. This topology was used to generate a high quality mesh with a minimum amount of elements. The parts of the modelcerebrum, cerebellum, brainstem, ventricles, CSF and PAC layer, falx, tentorium, and parasagittal blood vessels -were identified and material properties assigned.
Several material models and properties were investigated before the final selection of the KelvinMaxwell model with the properties shown in Table 1 . The shear stress response of each material model ( Figure 6 ) indicated that the Kelvin-Maxwell model was the softest among those investigated. It also gave the best overall correlation with the experimental data , Nahum et al. 1977 , Trosseille et al. 1992 ). Kelvin-Maxwell material model also proved to be more stable in LS-Dyna than Ogden Rubber or linear viscoelastic material models ( Figure  8 ) despite having the softest properties. It is worth mentioning that when the model was run with the Ogden Rubber brain material model with properties taken from Kleiven (2007) the response to the NDT data was similar to the Kelvin-Maxwell model with shear modulus of approximately 10 kPa, and the NDTs displacement magnitudes were approximately an order of magnitude lower than those measured experimentally. It was apparent that the brain material properties must be much softer than those reported by Kleiven (2007) to get the NDTs displacement magnitudes close to those reported by Hardy et al. (2001) . The final selection of material constants for Kelvin-Maxwell model (Table 1) was based on the first three parameters of the fiveparameter linear viscoelastic model given in Takhounts et al. (2003b) . Another deciding factor for selecting Kelvin-Maxwell material model for brain tissue in SIMon FEHM was numerical stability of the model compared to the numerical stability of the model when other material models were used ( Figure  8 ). While the ratio of hourglass to total energy was higher for simulations with Kelvin-Maxwell material model (yet well within the limits recommended by Belytschko 1974 , Belytschko and Kennedy 1978 , Belytscko and Tsay 1983 , Belytschko and Bindeman 1993 , Belytschko et al. 2000 , the hourglass based deformation modes of the brain modeled with Kelvin-Maxwell material were significantly lower (compare Figure 8a and 8b) . The reasons for these differences in the responses are not well understood and their discussion goes beyond the scope of the current study.
The most important evaluating factor for the model's performance was the ability to replicate reasonably the available experimental data: brain NDTs displacement-time histories for three impact scenarios ) and pressure-time histories at various locations within the brain (Nahum et al. 1977 and Trosseille et al. 1992) . It should be noted that these experimental data were generated from five different PMHS with different sizes, ages, etc. They were tested at different times (1977, 1992 and 2001) (Nahum et al. 1977) and (Figure 11 ) doesn't equalize back to zero after the impact is over while pressure measured in other locations does. Also, the pressure gradient was found to be quite high in the model (Figure 11 ) and, as such, depended highly on the exact location of the sensor that was not reported in Nahum et al. (1977) . In the same example of posterior fossa ( Figure 11 ) two computed pressuretime histories from the elements located within the same anatomical region were very close to those measured experimentally for the first pressure wave. Similar conclusions were reached when analyzing experimental and computational data from other pressure tests Trosseille et al. (1992) and Figure 12 .
Various observations were made when validating the model against the NDT data. First of all, the displacements of the NDTs closest to the boundaries (skull or tentorium) were mostly governed by the local geometry of a particular boundary. Some of the computed displacement-time histories match their experimental counterparts quite well (Figure 9 : C755-T2-P5_Z, C755-T2-A3_X, C291-T1-A5_Z, etc.), others match well in magnitudes, but not phase ( Figure 9 : C755-T2-P5_X, C383-T1-P5_Z, etc.), many have rather poor correlation. Some of these differences can be substantiated with the lack of experimental data necessary for proper validation of the model, others can be attributed to the variability of brain properties in the experimental data, and lack of material properties data for other parts of head (CSF and PAC combined, falx, tentorium, etc) . Finally, the differences are due to the modeling errors starting with numerical approximations of physical reality and ending with the integration methods and modeling techniques. Considering all the possible sources of errors the results presented herein are the best that could be obtained when available at this time experimental information was applied to the SIMon FEHM.
Somewhat surprising were results of the animal tests given the fact that rather good correlations of biomechanical injury metrics (CSDM, DDM, and RMDM) with their corresponding injuries (DAI, contusions and focal lesions, ASDH) were obtained previously using a simplified model of SIMon (Takhounts et al. 2003a) . A possible reason for poor DDM and RMDM correlation with contusions and ASDH respectively is the way the contact between the skull and the brain was modeled. In the current version the brain is attached to the combined PAC-CSF layer that, in turn, is attached to the skull, while in the previous "simplified" version a tie-break contact was utilized between both layers. This contact would separate (break) at a set pressure level that affected the pressure distribution within the brain and consequently -DDM, and it also allowed for greater motion of the brain with respect to the skull, thus straining differently the blood vessels and affecting RMDM. Several attempts were made to use the tie-break contact in the current version as well, but due the more complex topology of the brain and greater amount of elements, the model was not stable. Perhaps, if contusions/focal lesions or ASDH are of research interest, the 2003 version of SIMon FEHM should be used. These findings don't indicate the superiority of one model over the other, but rather point out the importance of more data with regard to the mechanical properties of the interface between the brain and the skull (PAC-CSF layer) so that a more appropriate modeling approach is utilized in the future. Another surprising result from the animal studies was the magnitude of maximum principal strains computed within the brain. The discussion of the levels of maximum principal strain is given below in the next paragraph.
Head impact data collected from instrumented helmets of college football players has become a very valuable source of information as this is the latest human volunteer head impact data available to date. Although none of the players sustained any reported head injury, the 24 most severe impacts in the 2007 football season simulated in this study, provide information for the safe/non-injurious levels for various injury metrics. In addition, several interesting observations could be made with regard to correlations of biomechanical injury metrics (CSDM,DDM, RMDM, maximum principal stresses and strains) with kinematic parameters (accelerations and velocities). Surprisingly, none of the biomechanical injury metrics correlated with linear acceleration (Figure 16 a) , including maximum principal stress. Most of them reduced with increased linear acceleration (CSDM, RMDM, maximum principal strain). Non-surprisingly, HIC 15 correlated well with linear acceleration as it is a functional of linear acceleration. RMDM and maximum principal strain correlated well with both -angular acceleration and angular velocity (Figure 16 b and c) . CSDM was negligible up to a certain level after which it increased linearly with increased angular acceleration and angular velocity. Three biomechanical injury metrics: CSDM, RMDM, and maximum principal strain correlated a little better with angular velocity than with angular acceleration. RMDM correlated very well with maximum principal strain. Interestingly, maximum principal strain values were as high as 0.96 in two cases. According to many researchers (Bain and Meaney 2000; Morrison III et al. 2003; Lowenhielm 1974; Lee and Haut 1989; Monson 2003; Thibault 1993; Shreiber et al. 1997 ) the players experiencing these levels of maximum principal strain would sustain DAI (Bain and Meaney 2000; Morrison III et al. 2003) , vascular rupture (Lowenhielm 1974; Lee and Hault 1989; Monson 2003) , concussion (Thibault 1993) , and contusion (Shreiber et al. 1997) . None of the players sustained any known brain injuries. This discrepancy could be due to various reasons: (1) soft material properties used to model brain tissue in SIMon FEHM to obtain NDT displacements magnitudes similar to those reported by Hardy et al. (2001) ; (2) appropriateness of maximum principal strain as a brain injury measure, e.g. CSDM-type criterion may be better as it estimates the volume of brain experiencing a certain strain level; none of the players exceeded CSDM (0.25) critical level of 0.54 established from the animal data; (3) possible errors in measuring angular kinematics in football players. Linear and angular acceleration measurements of helmeted football players were validated through dynamic impact testing with an instrumented Hybrid III head.
In an effort to simulate a more realistic interaction between football helmet and Hybrid III head during validation testing, a synthetic skull cap commonly used in football was fitted to the Hybrid III head. The skull cap is composed of 89% nylon and 11% spandex, which substantially reduces friction between the head and helmet when compared to the high coefficient of friction of the Hybrid III skin. This allowed for some sliding of the helmet with respect to the head during testing; however, it is possible that the helmet moves more on a player's head than on a dummy, and therefore angular accelerations may be overestimated in the field data. Based on the previous experience with a simpler brain model (Takhounts et al. 2003a) , it is believed that most of the discrepancies are associated with reason (1). In Takhounts et al. (2003a) Interesting trends can be observed when looking at the results of frontal/sagittal versus side/coronal impacts (Table 5 ). For linear accelerations of up to 250 g and angular accelerations of up to 15,000 rad/s 2 maximum principal stress and maximum principal strain were greater for side/coronal impacts indicating that side impact is more harmful to human brain for this level of loading. With increased magnitudes of linear and angular accelerations, first maximum principal stress becomes greater in frontal/sagittal impact (300 g, 18,000 rad/s 2 ), then both maximum principal stress and strain become greater in frontal/sagittal impact. CSDM(0.25) in both directions was similar irrespectively of the magnitude of the loading (the difference is in a volume of just a few elements - Table 5 ). DDM was higher in sagittal plane for loading of up to 300 g and 18,000 rad/s 2 , then became higher in coronal planea trend opposite to that of the maximum principal stress. RMDM was an order on magnitude higher in coronal plane for any level of loading. Better trends could have been established if linear and angular kinematics were applied separately rather that in combination with each other. However, it was felt that the combination of linear and angular kinematics better represented realistic impact environment. Regardless of the selection of hypothetical loading conditions, SIMon FEHM showed that coronal/side impact seems to produce greater values of the majority of biomechanical injury metrics when compared to those of the sagittal/frontal impact.
There were no surprises found in the demonstration of the use of SIMon FEHM in the evaluation of NHTSA conducted side impact tests. All the biomechanical injury metrics for case 1 (with side curtain airbag) were much lower than those for case 2 (no side airbag), although HIC 15 value for case 1 was more than twice greater than it was for case 2. This example demonstrates the greater ability of SIMon FEHM to isolate potentially harmful environment (case 2) from a relatively safe one (case 1) compared to the existing head injury criteria. Both cases indicate that there is a significant head rotation in side impact scenario. Linear acceleration based injury criteria may not be as effective in this loading scenario as the angular acceleration/velocity based injury criteria.
The necessity and importance of angular head kinematics in evaluating potential for TBI has been discussed in the biomechanical literature since the 1940s (Holbourn 1943 , Gennarelli et al. 1972 , Ueno and Melvin 1995 . This study seems to confirm the original Holbourn hypothesis: translational kinematics of the head is not injurious (based on his 2-dimensional gel model), while rotational head kinematics may explain the majority of TBI due to incompressibility of brain tissue. In other words, the only way to deform/strain a soft, nearly incompressible material (brain) contained within an almost undeformable shell (skull) is to rotate the shell. Translation of the skull does not deform the brain, but rather generate a pressure wave that may be as harmful at higher rates of loading as the excess deformation. Another possible way of deforming the brain is by "pulling" on the brainstem thus creating a motion of the brain through foramen magnum and straining the brain. This could occur during hyper extension/flexion of the neck. This mode of potential brain deformation was not considered in this study and, perhaps, should be investigated in the future.
Limitations of this (or any other) model can be grouped into two categories: 1) lack of the experimental data to thoroughly validate the model and to establish biomechanically based injury criteria, and 2) numerous mathematical approximations necessary to replicate the physical system. To improve the first category of limitations more experimental data is necessary to establish statistical performance corridors for NDTs and pressure within the brain. To address inhomogeneity and anisotropy of modeled tissue, more constitutive information is necessary. The injury criteria should be verified using tissue based human brain injury data. Improvements in the second category of limitations go beyond the scope of biomechanical research. These improvements, however, should be closely monitored by the biomechanical modeling community and implemented in the future mathematical models as they become available.
CONCLUSIONS
A new, more geometrically detailed, SIMon FEHM was developed, validated, and used in investigation of potential for TBI in American college football players, comparison of injury measures in hypothetical frontal versus side impacts, and analysis of two different NHTSA conducted side impact tests.
Based on the simulation results of SIMon FEHM several observations were made:
• CSDM (0.25) and maximum principal strain correlated well with DAI observed from previously conducted animal tests; DDM didn't correlate to contusions or focal lesions, and RMDM didn't correlate with ASDH; maximum principal stress didn't correlate to any type of TBI in animals.
• Biomechanical injury measures correlated better with angular acceleration and angular velocity, but not with linear acceleration in the simulated 24 football players impacts.
• Maximum principal stress didn't correlate with any kinematic measure.
• Maximum principal strain correlated well with RMDM. The values of maximum principal strain in most simulated cases of uninjured college football data and animal tests were high compared to those reported previously to be injurious.
• For the hypothetical loading scenarios the majority of biomechanical injury parameters indicated that side/coronal impact was more harmful to the head than frontal/sagittal impact.
• SIMon FEHM predicted that a side curtain airbag reduced the potential for brain injury in a side impact crash. The linear acceleration-based criterion, HIC 15 , was not able to predict this reduction.
• The results strongly suggest than an angular injury criteria better predict traumatic brain injury than linear acceleration based injury criteria.
•
The study is limited to the current knowledge of experimental data and modeling techniques.
